Before proposing an innovative process for the coproduction of ethyl and butyl acetates, the individual syntheses of ethyl acetate and butyl acetate by two different routes were first studied. These syntheses involved the reaction of ethanol or n-butanol with acetic acid or acetic anhydride in the presence of ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36 and Dowex 50WX8. Kinetic and thermodynamic studies were performed with all resins. The lowest activation energy (E a ) value was obtained with Dowex 50WX8, which was identified as the best-performing resin, able to be reused at least in four runs without regeneration. The presence of water-azeotropes during the synthesis of ethyl acetate makes its purification difficult. A new strategy was adopted here, involving the use of ethanol and acetic anhydride as the starting material. In order to minimize acetic acid as co-product of this reaction, a novel two-step process for the coproduction of ethyl and butyl acetates was developed. The first step involves the production of ethyl acetate and its purification. Butyl acetate was produced in the second step: n-butanol was added to the mixture of acetic acid and the resin remaining after the first-step distillation. This process yields ethyl acetate and butyl acetate at high purity and shows an environmental benefit over the independent syntheses by green metrics calculation and life cycle assessment.
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Tian and coworkers [34] [36] . They studied the feasibility of coproduction with the Aspen Plus ® simulation tool and then checked the simulated model experimentally. However, the process described requires two reactive distillation columns: one for the synthesis of ethyl acetate and the other for butyl acetate.
The coproduction process proposed here consists of two steps. The first consists of the production of ethyl acetate from ethanol and acetic anhydride in the presence of the ion exchange resin selected in preliminary studies of the catalytic effects of resins on the separate syntheses of the two acetates. In this synthetic route, acetic acid is produced, and water formation is limited, making it possible to purify ethyl acetate by simple distillation. In the second step, n-butanol is added to the residual mixture of acetic acid and resin remaining after distillation to purify the product of the first esterification. Finally, the butyl acetate obtained is purified by distilling the heteroazeotrope formed after the addition of a selective entrainer facilitating the liquid/liquid separation of water in the decanter.
Experimental

Chemicals
Ethanol, n-butanol, acetic anhydride, acetic acid, cyclohexane and methyl isobutyl ketone, all analytical grade, were purchased from Sigma Aldrich Co.
(France). Sodium chloride was also obtained from Sigma Aldrich Co. (France).
Catalyst
Heterogeneous ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36
and Dowex 50WX8 were supplied by Sigma Aldrich Co. (France). They were used as catalysts for the esterification reactions, after washing in water, filtration and drying to constant weight in an oven at 50˚C to eliminate any moisture.
Synthesis of Ethyl Acetate (EAc): Selection of Catalyst and Reaction Conditions
In a typical run, a mixture of 0.20 g ethanol (4.4 mmol, 1 equiv.) and 0.26 g acetic acid (4.4 mmol, 1 equiv.) was stirred at 80˚C in the presence of the resin (5% w/w relative to ethanol). The reaction was also carried out with 0.25 g ethanol 
Synthesis of Butyl Acetate (BAc)
Butyl acetate was produced in a 2 L jacketed glass reactor equipped with a Dean-Stark apparatus. A solution of 800 g n-butanol (10.8 mol, 1 equiv.), 648 g acetic acid (10.8 mol, 1 equiv.) and 80 mL cyclohexane (as an entrainer, to remove water from the reaction medium) was stirred in the presence of the resin (5% w/w relative to butanol) at 105˚C for 4 h. The cyclohexane was then removed from the reaction mixture by distillation. The butyl acetate was recovered by filtration of the resin.
Coproduction of Ethyl Acetate and Butyl Acetate
A mixture of 400 g ethanol (8.7 mol, 1 equiv.) and 889 g acetic anhydride (8.7 mol, 1 equiv.) was stirred in the presence of the resin (5% w/w relative to ethanol) in a 2 L jacketed glass reactor at room temperature for 4 h. The ethyl acetate formed was then distilled off from the reaction medium. We then added 400 g n-butanol (5.4 mol, 1 equiv.) and 45 mL cyclohexane (5% v/v relative to the reaction mixture) to the reactor containing the remaining acetic acid and resin mixture. The reactor was equipped with a Dean-Stark apparatus (to remove water from the reaction medium). The resulting medium was stirred at 105˚C for 4
h. At the end of the reaction, cyclohexane was removed by simple distillation and the butyl acetate was recovered after catalyst filtration.
Analysis Methods
The reaction products were analyzed with a gas chromatograph (VARIAN 3600) equipped with a flame ionization detector. A DB-624 column (AGILENT, 0.25 mm × 30 m, df = 1.4 µm) was used for the analyses. The oven temperature was maintained at 50˚C for 2 min, then gradually increased to 100˚C at a rate of 5˚C/min and then to 190˚C at a rate of 25˚C/min. The temperature of the detector and the injector was fixed at 300˚C. The injection volume of samples was 1 µL, with a 1:100 split. Methyl isobutyl ketone (MIBK) was used as the internal standard. Water content was determined by Karl Fisher titration (SCHOTT Titroline).
Statistical Analyses
Statistical analyses were performed with Minitab 16 software. Data were analyzed by analysis of variance (ANOVA) and with Tukey's test, with an alpha risk of 0.05 (p < 0.05).
Life Cycle Assessment
The Life Cycle Assessment was performed using the ISO 14040 [37] and 14044 [38] standards. The LCA analyses were "cradle to gate" in order to evaluate the impacts related to the syntheses. 
Results and Discussion
Synthesis of Ethyl Acetate Starting from Ethanol and Acetic Acid
The main industrial process for ethyl acetate (EAc) production involves the esterification of acetic acid (AcOH) with ethanol (EtOH) in the presence of a homogeneous catalyst, generally sulfuric acid. We decided to circumvent the problems relating to the use of homogeneous catalysts, such waste production and separation, and to use a greener approach. We therefore replaced the acid catalyst with a heterogeneous ion exchange resin.
Experiments were carried out with different ion exchange resins, to evaluate the efficiency of conversion of ethanol and n-butanol into ethyl acetate and n-butyl acetate (BAc), respectively. Four ion exchange resins were used: Amberlyst 15 (A15), Amberlyst 16 (A16), Amberlyst 36 (A36) and Dowex 50WX8
(D50). The beads of these resins consist of styrene-divinylbenzene copolymers.
A15, A16 and A36 are macroporous resins with multichannel structures, whereas Dowex 50WX8 is a gel resin. The properties of these resins are presented in Table 1 . We therefore began by studying the synthesis of ethyl acetate starting from ethanol and acetic acid in a 1:1 molar ratio (Equation (1)), replacing the homogeneous catalyst with each of the ion exchange resins described in Table 1 .
The reactions were carried out at 80˚C and the final composition of the reaction medium was analyzed by gas chromatography. The changes in the ethanol, Gel-type resins have thus been recommended for reactions in which water is one of the products [19] .
The conversion of ethanol and the yield of ethyl acetate were then determined at equilibrium (Table 2) . Similar results were obtained for all the resins tested. The low ethanol conversion can be attributed to the formation of water, which shifts the equilibrium toward the reactants, thereby limiting ethyl acetate production.
Effect of Reaction Temperature
The effect of temperature on ethanol conversion was assessed by setting the temperature to 90, 80, 65, 50 and 40˚C. The ethanol conversion plots as a function of reaction temperature are presented in Figure 2 . Similar profiles were obtained with all the resins tested (data shown only for Dowex 50WX8). The reaction rate increased with temperature. For the esterification of ethanol and acetic acid, reaction equilibrium was reached after 60 minutes at 90˚C, but after 5 h at 50˚C.
The effect of temperature on the reaction rate was investigated by setting the ) [39] . Our results confirm that Dowex 50WX8 catalyzes the esterification of ethanol and acetic acid more efficiently than the macromolecular resins A36, A16 and A15. This higher efficiency can be attributed to greater accessibility of the active sites to reagents, thanks to the swelling and low levels of cross-linking (8% divinylbenzene) of the resin. 
Synthesis of Ethyl Acetate Starting from Ethanol and Acetic Anhydride
We tried to increase reaction yield and to shift the equilibrium towards ester formation, by testing the resins in another synthetic route, starting from ethanol and acetic anhydride (Equation (2)).
( )
There are fewer published descriptions of the synthesis of esters from an anhydride. Kolena et al. patented a method for synthesizing ethyl acetate by reactive distillation, using a mixture of acetic acid and acetic anhydride [44] . The synthesis of methyl acetate by this route has also been reported [45] [46] . This reaction has the advantage of decreasing water formation due to the reaction stoichiometry and partial consumption for the hydrolysis of acetic anhydride into acetic acid.
The esterification reaction starting from ethanol and acetic anhydride (Equation (2)) is best summarized by the following steps:
We checked our findings suggesting a greater efficiency of Dowex 50WX8, by The ethanol conversion and the yield of ethyl acetate were determined by GC and similar values were obtained for all four resins at equilibrium. Higher conversion and yields were obtained for reactions starting from acetic anhydride rather than acetic acid (10% increase in conversion; Table 2 vs Table 3 ). This may be due to the smaller amount of water in the medium (from 34 to 20%mol, with acetic acid and acetic anhydride, respectively) due to its consumption in the hydrolysis of acetic anhydride into acetic acid, as described in Equation (5), shifting the equilibrium to the right.
Based on these kinetic results, Dowex 50WX8 was considered to be the most efficient acidic ion exchange resin for the rapid production of high yields of ethyl acetate. Higher ethanol conversion and reaction yields were also obtained for the reaction starting from ethanol and acetic anhydride. We therefore decided to use DOI: 10.4236/gsc.2018.83016 these reactants as the starting materials, with Dowex 50WX8 as the catalyst, in subsequent studies.
Evaluation of Dowex 50WX8: Catalyst Loading and Reusability
The influence of catalyst loading on the ethyl acetate yield obtained at equilib- Nevertheless, a Tukey test showed that there was no significant difference between catalyst loadings of 5% and 10%. We therefore considered a catalyst loading of 5% to be sufficient to obtain the maximum yield of ethyl acetate.
The reusability of Dowex 50WX8 was then assessed by evaluating ethyl acetate yield after several recycling runs ( Figure 6 ). The test was performed with the same catalyst for four consecutive runs, under the same conditions; the catalyst was filtered and washed with water between runs. The analysis of variance (ANOVA) showed that there was no significant difference in ethyl acetate yield between the runs on reused resin (α = 0.05, p = 0.073). The catalyst is thus reusable and resin reactivation is not required, at least in these conditions.
Purification of Ethyl Acetate
In the ethyl acetate reaction system, there are three binary azeotropes and one ternary azeotrope. As the boiling point of the pure components (ethyl acetate 77.2˚C, ethanol 78.3˚C, water 100˚C, acetic acid 118˚C) and the azeotropes they form are very similar, it is difficult to achieve efficient purification by distillation.
The composition and boiling points of the azeotropes are shown in Table 4 . 
Synthesis of Butyl Acetate Starting From n-Butanol and Acetic Acid
After studying the synthesis of ethyl acetate, we decided to evaluate Dowex 50WX8 as a catalyst for the production of butyl acetate (Bac). 
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The reactions were performed at 100˚C, and changes in the composition of the reaction medium were followed for 4 h (Figure 7 ).
Equilibrium was reached after about 50 minutes with Dowex 50WX8. A similar profile was obtained with A16, whereas it took 100 minutes to reach equilibrium with A15 and A36.
The n-butanol conversion and the yield in n-butyl acetate were determined at equilibrium, by GC analyses ( Table 5 ).
The n-butanol conversion and the yield of BAc were similar for all four resins.
As for ethyl acetate, the low conversion was attributed to the formation of water, shifting the equilibrium towards the reactant side.
Effect of Reaction Temperature
The effect of temperature on the conversion of n-butanol and the esterification of butanol and acetic acid was also studied, by setting the temperature at 100˚C, 80˚C, 70˚C, 60˚C and 50˚C. Butanol conversion was plotted as a function of 
Synthesis of Butyl Acetate Starting from n-Butanol and Acetic Anhydride
Following the same route as for ethyl acetate, and to increase butyl acetate yield, The reactions were carried out in the same conditions as for acetic acid:
100˚C, for 4 h, with a catalyst loading of 5% w/w relative to butanol. The changes in n-butanol, acetic acid and butyl acetate content were plotted over time ( Figure 9 ).
Equilibrium was reached more rapidly with Dowex 50WX8 (10 min) than with the other resins. For the macroporous resins A15, A16 and A36, butyl acetate content reached a maximum after 50 min. These results are consistent with those for ethyl acetate production, for which Dowex also had the most rapid kinetics.
Butanol conversion and butyl acetate yield increased by 10% (from 70% to 80%) when acetic acid was replaced with acetic anhydride (Table 5 and Table 6 ).
Water content was reduced from 30% to 15% if acetic anhydride was used as the starting material. This decrease in the water content of the reaction medium displaced the equilibrium to the right, enhancing butyl acetate production. The best results were obtained with n-butanol and acetic anhydride as the starting materials, and Dowex 50WX8 as catalyst.
Purification of Butyl Acetate
In the synthesis of butyl acetate (bp = 126.1˚C) from n-butanol (bp = 117.7˚C) and acetic acid (bp = 118.1˚C), three binary azeotropes and one ternary azeotrope are present ( For butyl acetate production, an entrainer, such as cyclohexane (80.74˚C), can be used to remove the water produced during the reaction, shifting the equilibrium and increasing both butanol conversion and butyl acetate yield. A Dean
Stark apparatus was used (in the reaction from acetic acid) to produce an azeotropic mixture of cyclohexane and water (69.5˚C), and the azeotrope was distilled out of the reaction mixture. The composition of the reaction medium after butyl acetate purification is presented in Table 8 . Table 8 . Composition of the purified butyl acetate obtained by the esterification of butanol and acetic acid in a molar ratio of 1:1. After separation, n-butyl acetate was obtained at a purity of 97.4%, with only very small amounts of n-butanol and acetic acid that did not react and a small amount of residual water in the mixture. Butanol conversion was increased from 70% to 99% by removing water during the reaction but the yield of butyl acetate increased by only 10% (from 66% to 76%; Table 6 vs Table 9 ).
A larger increase might have been expected given the improvement in conversion. This relatively low yield after distillation, even with the removal of water, may be due to the double distillation required to remove first water, and then cyclohexane from the medium.
The purity of the butyl acetate obtained was further increased by removing the 1.1% of water remaining in the medium by adding molecular sieves (3A) in distilled BAc. The water content measured 24 hours later was 0.002% (Karl Fisher titration).
These studies of the esterification of ethanol or butanol with acetic acid or acetic anhydride show that alcohol conversion and reaction yields are higher if acetic anhydride is used (rather than acetic acid), but the use of this starting material leads to the generation of acetic acid as waste. Thus, to meet the requirements of a circular economy, we decided to use co-product of the reaction in a second esterification, as described below.
Coproduction of Ethyl Acetate and n-Butyl Acetate
As previously stated, ethyl acetate is difficult to purify due to the formation of azeotropes with water. Thus, to facilitate the purification of ethyl acetate and to avoid the production of waste when acetic anhydride is used as a reactant (instead of acetic acid), an acetate coproduction strategy was adopted (Scheme 1).
In the first step, the esterification of ethanol and acetic anhydride at an equimolar ratio generates ethyl acetate and acetic acid in the presence of the ion The second step involves a second esterification reaction between the acetic acid generated in the first reaction and n-butanol, which is added to the reactor to produce butyl acetate (Figure 10 ).
First step: synthesis of ethyl acetate and production of acetic acid
In the synthesis of ethyl acetate from ethanol and acetic anhydride (molar ratio of 1:1), acetic acid is also produced. The reaction is exothermic and no heating is required (Scheme 2).
As shown in Table 10 , water content was reduced from 20% to 3% (molar percentage) by using an equimolar ratio of acetic anhydride and ethanol (Table 3 vs Table 9 ). The stoichiometry of the reaction is consistent with a total absence of water formation, but the presence of this small amount of water can be explained by a slower competitive esterification between the acetic acid generated in the first reaction and the remaining ethanol (Scheme 2). The water generated in this way can also be consumed in the hydrolysis of acetic anhydride to generate acetic acid, with the release of heat. The use of an equimolar ratio of ethanol and acetic anhydride thus gave very high yields of ethyl acetate (98%) and a high ethanol conversion (99.4%) at the end of the reaction (Table 9 ). 
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The low water content of the crude mixture facilitates the purification of ethyl acetate. Simple distillation yields a mixture composed principally of ethyl acetate and small amounts of acetic acid and water (Table 9 ).
Second step: synthesis of n-butyl acetate From the reaction of ethanol and acetic anhydride at a molar ratio of 1/1, a mixture of acetic acid and ethyl acetate (77.5% and 22.5% w/w, respectively) remains in the reactor in large amounts, together with the resin, after the removal, by distillation, of most of the ethyl acetate. With a view to preventing waste and recycling this mixture, we propose the addition of n-butanol to the reactor for a second esterification reaction to produce n-butyl acetate (Scheme 3).
The use of the acetic acid/ethyl acetate mixture generated by the first esterification had no influence on the synthesis of butyl acetate. As in the individual synthesis of this molecule, the reaction was carried out with a Dean Stark apparatus and the addition to the mixture of a small amount of cyclohexane to remove water from the reaction. Similar butanol conversion was obtained for both the individual and coproduction syntheses (99% and 94%, respectively). After the purification of butyl acetate, a mixture consisting principally of butyl acetate was obtained (97.1% w/w). Traces of acetic acid, butanol, ethyl acetate and water were detected (Table 10 ). The proposed novel coproduction process is an interesting way to produce ethyl acetate and butyl acetate, as it generates no waste, and all the reactants are consumed in the reaction, resulting in high yields of the desired esters. Recycling of the resin is also possible.
Evaluation of the Environmental Benefit of the Developed Process
For the studied chemical processes, the evaluation of several indicators related to their environmental impacts and the implementation of green chemistry principles is a way to guide the choice of the greener process among different alternatives. In order to verify that the new coproduction process developed in this work for the syntheses of ethyl and butyl acetates is more eco-friendly than the two independent syntheses, two approaches have been considered: the green metrics evaluation and the Life Cycle Assessment (LCA).
Green metrics provide a quantitative analysis of the efficiency and the environmental performance of chemical reactions and processes [57] , which helps to determine which of the chemical synthesis is closest to the definition of green chemistry. They can be related to one or more principles of green chemistry [58] . Table 11 shows the relation between green metrics and the principles of green chemistry that have been considered in the development of the co-production process of acetates using ion exchange resins as catalyst ( The atom economy (AE), the environmental (E-factor) and the percentage from renewable sources (PRS) have been calculated for: i) the individual syntheses starting from acetic anhydride and ethanol (1:1) for the production of ethyl acetate and from acetic acid and butanol (1:1) for the preparation of butyl acetate, and ii) the co-production process of ethyl and butyl acetates.
According to the green metrics gathered in the Table 12 , the developed co-production pathway resulted in a more efficient process compared to the individual syntheses. The AE was higher with the co-production process thanks to the recycling of the acetic acid produced in the first esterification as it was used as reagent in the second one for the synthesis of butyl acetate. As it was expected, the E-factor of the co-production was lower (0.31) than the individual syntheses thanks to the smaller amount of generated waste. Furthermore, regarding the percentage of renewable sources, same values were calculated when bio-based ethanol and n-butanol were used in the individual syntheses and in the co-production process (Table 12) .
As these green metrics do not show the environmental contribution of the whole process and in particular they do not take into account any energy consumption, the life cycle assessments of both pathways of production of ethyl and butyl acetates (Sc.1: individual syntheses and Sc.2: the co-production) have been compared [59] . The LCA analyses have shown that the co-production process generates lesser impacts on the environment than the individual syntheses of ethyl and butyl acetates ( Figure 11 ). These results can be explained by two principal factors: 1) the reduction of the amount of waste thanks to the use of the acetic acid (co-product for the first esterification) in the second reaction, and 2) the recycling of the ion exchange resin in the second esterification (without regeneration treatment).
Conclusions
We propose here a sustainable and innovative process for the coproduction of ethyl acetate and butyl acetate that respects the principles of green chemistry.
Ion exchange resins were used to replace homogeneous catalysts, to reduce waste Table 12 . Green metrics for the classical individual synthesis and the co-production process developed in this work. generation. The gel-type resin Dowex 50WX8 outperformed the other macroporous resins tested, for the production of ethyl and butyl acetates.
The first step in the coproduction process was the synthesis of EAc from ethanol and acetic anhydride at a 1:1 molar ratio. This reaction produces EAc and acetic acid and decreases water production, thereby facilitating the purification of ethyl acetate. In the second step, the acetic acid generated by the first reaction is used as a starting material for a second esterification to produce butyl acetate.
The environmental benefit for the coproduction process respect to the independent syntheses of ethyl and butyl acetates was demonstrated through the calculation of the green metrics and the LCA analyses. This coproduction process has the advantages of preventing waste, facilitating the purification of the desired acetates and reusing the co-products and the catalyst.
